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INTRODUCTION
Currently, many emerging wireless services such as high definition video streaming, video calling, file transferring and high-speed internet access demand more and more radio spectrum while the conventional allocation of frequency bands by means of fixed licensed users (LUs) is not efficient, causing spectrum shortage. This shortage conflicts with a severe spectrum underutilization as reported in an extensive survey on frequency spectrum utilization carried out by the Federal Communications Commission [1] . A cognitive radio (CR) technology has been recently proposed to resolve this contrast [2] . The philosophy behind this technology is the coexistence of unlicensed users (UUs) and LUs on the frequency band inherently allotted to the LUs subject to an acceptable quality of service (QoS) at LUs. However, the interference from UUs on LUs becomes a great challenge to the CR technology. To control this interference, UUs Table 1 .
SYSTEM MODEL
To support performance analysis in presence of channel estimation error (CEE), we applied the well-known CEE model (e.g., [9] ) where the relation between the real channel coefficient, and L T cause the mutual interference between the licensed network and the unlicensed network. Therefore, the received signals at the licensed receiver L R and the unlicensed receivers (i.e., j U R , and U D ), respectively, can be given by 
which result in the signal-to-interference plus noise ratio (SINR) at the licensed receiver and the unlicensed receivers in the phase 1 as 
where j J , xL2 is the signal transmitted by L T with the power PL, and xj is the signal transmitted 
In the phase 2, L R also receives the desired signal from L T and the inference signal from b U R . Therefore, the SINR at L R in the phase 2 can be expressed in the same form as (6), 
To recover the source information with low implementation complexity, both signals received from US and b U R can be selection-combined at UD , which results in the total SINR at UD as
POWER ALLOCATION FOR UNLICENSED USERS
To guarantee QoS for LUs [10] , the power of unlicensed transmitters must be properly allocated to meet the licensed outage constraint. To this effect, the transmit powers of US and b U R must be limited to satisfy the following two licensed outage constraints, correspondingly:
where Pr{X} stands for the probability of the event X, 
where [x] +
denotes max(x, 0) and the phase 1 corresponds to (k, p) = (S, 1) while the phase 2 corresponds to (k, p) = (b, 2).
Proof: The proof for (k, p) = (S, 1) is presented, which is straightforwardly extended to (k, p) = (b, 2) for completing the whole proof of Theorem.
, the probability density function (pdf) of X and the pdf of Y, correspondingly are given by
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Substituting (18) and (19) into (20) and performing simplifications, one obtains the
where
Using (21), we deduce PS that meets (13) as
  , the right-hand side of (22) becomes negative. As such, the constraint in (13) is equivalent to
Finally, combining (23) with (15) results in
To maximize the communication range, the equality in (24) must hold, and hence, PS is reduced to (17) for (k, p) = (S, 1), completing the proof. 1 Due to the two-phase nature of the proactive relay selection, S is related to the required transmission rate, S, in the unlicensed network as 
OUTAGE ANALYSIS
This section presents a formula of outage probability, which is defined as the probability that the total SINR is below a predefined 
It is seen that Pr min ,
where Pj has the same form as (17) with changing k to j and 
where 
ILLUSTRATIVE RESULTS
This section presents various results with arbitrary fading powers as    Figure 2 illustrates OP with respect to the variation of ρ for PL/N0 = 16 dB, Pm/N0 = 14 dB,  = 0.05. It is observed that the simulation and the analysis are in a perfect agreement. Also, the unlicensed network is complete in outage for a wide range of  (e.g.,  < 0.935 in Figure 2 ). When the channel estimation is better (e.g.,   0.935 in Figure 2 ), the outage performance of the unlicensed network is dramatically enhanced. Moreover, the increase in the number of relays significantly improves the outage performance. This comes from the fact that the larger J, the higher chance to select the best relay, and hence, the smaller the outage probability. = 16 dB. It is observed that the analysis perfectly matches the simulation. Additionally, the system performance is significantly better with larger number of relays. Moreover, some interesting comments are observed as follows:
 The high QoS (e.g.,   0.025 in Figure 3) requirement in the licensed network causes the unlicensed network to be complete in outage.
 When the licensed network requires the moderate QoS (e.g., 0.025 <   0.08 in Figure 3 ), the outage performance of the unlicensed network is drastically improved with the increase in .
 When the licensed network is not stringent in the QoS (i.e., low QoS requirement), the unlicensed network suffers error floor for large values of  (e.g.,  > 0.08 in Figure 3 ). The results in Figure 3 demonstrate that better performance of the licensed network (i.e., lower values of ) induces worse performance of the unlicensed network (i.e., larger values of OP) and vice versa. Therefore, the performance trade-off between the unlicensed network and the licensed network should be accounted when designing cooperative cognitive networks. between the analysis and the simulation. Additionally, the outage performance is significantly enhanced with larger number of relays as expected. Moreover, some interesting comments are observed as follows:
 For small values of PL (e.g., PL/N0  15 dB in Figure 4 ), the increase in PL substantially enhances the outage performance. This can be interpreted as follows. According to (17),
PL is proportional to L while the power of unlicensed transmitters is controlled by the minimum of L and Pm, and hence, at small values of PL and the fixed value of Pm, the power of unlicensed transmitters is proportional to PL, ultimately improving the performance of the unlicensed network as PL increases and the interference caused by the licensed network to the unlicensed network is not significant (due to small PL).
 For large values of PL (e.g., PL/N0 > 15 dB in Figure 4 ), the L term in (17) is larger than Pm and hence, the transmit power of unlicensed users is fixed at the value of Pm (e.g., Pm/N0 = 14 dB in Figure 4) . Meanwhile, as PL is large and increases, the interference that the licensed network imposes on the unlicensed network dramatically increases, ultimately deteriorating the performance of the unlicensed network (i.e., increasing the outage probability). At the very large values of PL (e.g., PL/N0  37 dB in Figure 4 ), the unlicensed network is complete in outage. Figure 5 demonstrates OP with respect to the variation of Pm/N0 for PL/N0 = 16 dB,  = 0.05, and  = 0.97. It is seen that the analysis and the simulation are in a perfect agreement. Also, the increase in J dramatically enhances the system performance.
Furthermore, the system performance is significantly improved with the increase in Pm. This can be interpreted as follows. Since Pm upper bounds the power of unlicensed transmitters (e.g., (17)) and hence, the larger Pm, the larger the transmit power, ultimately remedying the corresponding outage probability. Nevertheless, the unlicensed network experiences performance saturation at large values of Pm/N0 (e.g., Pm/N0  15 dB in Figure 5 ). This comes from the fact that the power of unlicensed transmitters in (17) is controlled by the minimum of Pm and PL and hence, as Pm is larger than a certain level (e.g., Pm/N0  15 dB in Figure 5 ), the power of unlicensed transmitters is completely determined by PL, making the outage performance unchanged regardless of any increase in Pm. However, the error floor level is drastically reduced with respect to the increase in J.
CONCLUSION
This paper analyzes the outage performance of cooperative cognitive networks with the proactive relay selection and the selection combining under channel information error, licensed users' interference, i.n.i fading channels, licensed outage constraint and maximum transmit power constraint. To meet these power constraints and account for channel information error and licensed users' interference, we proposed an appropriate power allocation scheme for unlicensed users. Then, to analytically assess the system performance in key operation parameters without exhaustive simulations, we suggested an exact closed-form outage probability formula. Various results demonstrate that i) mutual interference between the licensed network and the unlicensed network establishes a performance trade-off between them; ii) channel information error dramatically degrades system performance; iii) the unlicensed network suffers the error floor; iv) the relay selection plays an important role in system performance improvement as well as system resource savings.
Hiệu năng của mạng nhận thức hợp tác có chọn lựa relay chủ động và kết hợp chọn lọc 
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